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Abstract
The dielectric constant and the conductivity for several organic solvents of varying
polarity and for colloidal suspensions are measured using dielectric spectroscopy as a
function of frequency, over the frequency range 0.1 Hz to 100 kHz. These measure-
ments are carried out for organic solvents of different polarities: cyclohexyl bromide
(CHB), castor oil, cis+trans-decahydronaphtalene (decalin) and decane. In addition,
dielectric spectroscopy is carried out for polymethylmethacrylate (PMMA) colloidal
spheres in the intermediate polar mixture of cyclohexy bromide (C6 H11 Br,(CHB))
and 20% cis+trans-decalin by volume.
The primary result in this thesis is the examination of electrode polarization ef-
fects, which were observed at low frequency in CHB and CHB-decalin mixtures. A
simple model function for sample impedance coupled with electrode polarization, in-
volving a power law dependance of the polarization capacitance on frequency, pro-
vided an excellent fit to the dielectric spectra at low and high frequencies. These
measurements provide direction for future measurement on colloidal suspensions in
these solvents.
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Chapter 1
Introduction
The dielectric spectroscopy of colloidal suspensions has been a subject of interest in
the last decade because it provides an information about the electrokinetic properties
of a colloidal dispersions [9, 10]. This has been studied extensively in aqueous systems;
non-aqueous dispersions have been less studied.
Dipolar interactions can be induced between colloidal particles by exposing them
to an electric field which leads to significant changes in the properties of the colloidal
suspension [11, 12]. Under the effect of electric field, directed self-assembly has been
obtained from the polarization of the colloidal particles [13, 14]. In aqueous colloidal
systems, the application of a field results in the formation of a tetragonal crystal
phase [15]. In non-aqueous colloidal suspensions, however, there are; in addition,
many other crystalline phases [16].
Dispersions of colloidal particles in a moderate polar medium (one example is the
cyclohexyl bromide-decalin mixture) have been condensed matter model systems of
considerable interest [12, 17, 18]. This mixture is neither a low polar medium like pure
decalin or dodecane nor polar like water or ethanol, and it has unusual electrokinetic
properties which are not well understood.
1
The dielectric spectroscopy of colloidal suspensions in which the suspension envi-
ronment is controlled with salt (aqueous system) have been investigated. Beltramo
and Furst (2012) found that in an aqueous system, at varying frequencies and volume
fractions, the electrokinetic properties of the system will change because of the effect
of the neighbouring particles on the ionic fluxes [19]. In addition, in non-aqueous
system, the dipole moment induced on the colloidal particle by an external electric
field is affected by the salt concentration of the background [13]. The original interest
for studying a non-aqueous colloidal system in this thesis was that unusual electroki-
netic properties were expected, based on observations from microscopy experiments
[20] in the presence of low-frequency AC electric field. However, the low-frequency
electrokinetic response was masked by a strong electrode polarization effect, which
then became the focus of this thesis.
In this work, an impedance analyzer has been used to measure the electrokinetic
properties of a non-aqueous system as a function of frequency in the range between
0.1 Hz to 100 kHz. In addition, the essential part of this thesis is that we designed
an appropriate cell that can be used more then once. Parallel-plate cells, where each
inward-facing glass slide was coated with a transparent but electrically conducting
layers of Indium Tin Oxide (ITO), with three different cell thicknesses were made.
These cells were easy to fill and empty and could thus be used several times. The
main issues that have been faced in the impedance measurements are the noisy data
at high frequency, between 10kHz to 100kHz, and the electrode polarization at low
frequencies. In addition, a stray capacitance has been observed and corrected in our
measurements which affected the electrolyte capacitance and hence the electrolyte
dielectric constant.
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The key properties that have been measured and analyzed by using the dielec-
tric spectroscopy in this thesis are the dielectric permittivity ε and the conductivity
σ. These properties are measured as a function of frequency for 4 organic solvents:
cyclohexyl bromide (CHB), cis+trans-decahydronaphtalene (decalin), castor oil and
decane.
In our CHB-containing solvents, we observed a phenomenon known as electrode
polarization. Decreasing the effect of electrode polarization has been examined by
decreasing the concentration of ions and/or increasing the electrode spacing. These
strategies are explained in detail here. An existing model was successfully employed
to describe the physical phenomena of the dielectric spectra at low and high frequen-
cies.
A minor part of this thesis is about colloids in suspension. Whereas this was
originally the primary goal, understanding issues surrounding electrode polarization
in particle-free solvents became the primary focus. We studied the dielectric properties
of PMMA colloids suspended in CHB-decalin, which is an intermediate polar medium.
In addition, the characteristic frequency of the double layer relaxation frel has been
calculated and predicted for our non-aqueous system and compared with that for the
aqueous system that was studied by Saville (1990) [12].
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Chapter 2
Background and Theory
2.1 Introduction
This chapter provides background about electrokinetic phenomena. It also outlines
how the shape of the double layer changes over characteristic frequency regimes. In
addition, it describes the fundamentals of the dielectric spectroscopy. Finally, the
phenomenon of electrode polarization in dielectric measurement is outlined here.
2.2 Electrokinetic phenomena
Electrokinetic processes arise from the interaction between the electric diffuse layer
on a charged particle in a solvent and the resulting ion motion in an electric field
[11]. To make this phenomenon clearer, assume that I apply an external field to
a charged particle in an ionic solution that is placed between two electrodes. A
current will flow because of the presence of the ions in the solution. Applying an
external field creates relative motion between the suspended particles and the bulk
fluid (electrophoresis), as well as between the particles and the diffuse electric charge
of mobile ions surrounding the particles (electro-osmosis) [21]. Thus, the particles and
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the charges of the diffuse layer move in opposite directions because of the difference
in the sign of their charges. As result, an ionic dipole moment will occur. This
dipole-dipole interaction between particles can affect the suspension structure and
can give rise to a change in the flow behaviour. The dipolar interaction increases
with increasing field strength. At high electric field, the suspension can appear more
viscous when applying an electric field and it returns to its original state as soon as
the field is switched off. This is known as the electroviscous effect [11]. It should be
clarified that the measurements performed in this thesis are for electric fields that are
too small to change suspension structure. They are in the "linear response" regime.
2.2.1 Electrophoresis
Electrophoresis can be defined as the motion of the system components (particles,
ions, and fluid) under the effect of an external field [22]. Because of the effect of
the field on the charges, a force on the particles will result. Thus, the particles will
move and drag some fluid with them. Indeed, when a dielectric surface is placed in
contact with an ionic solution, the surface will be charged and a cloud of opposite
charges will be created around the surface. The measurement of electrophoresis is
important because it measures the mobility of the particle charge or Zeta potential
of partial-liquid interface, from which we can derive the electrical charge.
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2.3 The effect of the double layer system on the
electrophoretic mobility
2.3.1 A thin electric double layer
The interaction between colloidal particles in suspension are strongly affected by their
electrostatic environment. In a system where the ionic concentration is high (κa 
1), the electrostatic double layer is thin. Here κ−1 is the Debye screening length and
a is the particle radius. The double layer characteristic dimension is given by the
Debye length:
κ−1 =
[
kBTεmε0
2Ie2
] 1
2
. (2.1)
Here, the ionic strength I =∑Ni=1(z2i n∞i ) , kB is Boltzmann constant, T is the absolute
temperature, ε0 is the dielectric permittivity of the vacuum, εm is the (dimensionless)
dielectric constant of the solvent, e is the fundamental charge, zi is the ion valence,
and n∞i is the concentration of each ionic species. The mobility in the limit of thin
double-layers is given by the Smoluchowski equation:
µ = εmε0ζ
η
, (2.2)
where ζ is the Zeta potential, which is the potential difference between the dispersion
medium and the stationary layer of fluid attached to the dispersed particle, and η is
the fluid viscosity.
2.3.2 A thick electric double layer
If the double layer is thick, in the limit κa → 0, there is no electrokinetic effect. The
mobility in the limit of thick double-layers (κa  1) is given by the Hu¨ckel equation
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[21, 22]:
µ = 2εmε0ζ3η . (2.3)
Note that the factor (1 or 2/3) is the only difference between the Smoluchowski and
Hu¨ckel equations.
2.4 Henry’s function
Henry′s function describes the electrophoretic mobility of a spherical particle at low
or constant surface potential. Henry included the local electric field around the par-
ticles, which Hu¨ckel and Smoluchowski did not take it into account [22, 23]. The
electrophoretic mobility obtained by Henry can be written as
µ = 2εmε0ζ3η .f1(κa) , (2.4)
where, f1(κa) is Henry′s function which depends on the thickness of the double layer
κ−1, and a the particle radius. When the double layer is thick (κa 1), f1(κa) →1,
at which Hu¨ckel mobility can be observed. However, in the case of a thin double layer
(κa1), f1(κa)→ 3/2 and Smoluchowski mobility can be achieved.
2.5 The formation of the double layer at the elec-
trode surface over characteristic frequency regimes
2.5.1 At high frequency
In any conductive system that consists of dissolved free ions, the ions stay in random
spatial distribution when exposed to a high frequency electric field (Figure 2.1, left
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panel); the same formation occurs in equilibrium; i.e. for ions when the electric field
is absent. At high frequencies, the ions are not mobile because they do not have suf-
ficient time to respond to the applied field. Furthermore, a polarizability arises from
the the difference of the dielectric constant between the particles and the medium. In
this case, the suspension behaviour is "electrokinetically dilute" [19]. As a result, the
dielectric constant or the capacitance of the sample can be obtained from the high
frequency electrokinetic response which is frequency independent above a threshold
frequency, as we can see in Figure 2.2 [5].
2.5.2 At low frequency
At low frequencies, the ions have the ability to move and arrange as a layer along
the electrode surfaces. As a result, the applied voltage will drop across these layers
leading to electrode polarization (Figure 2.1, right panel) [5, 24, 25]. As the frequency
decreases, the magnitude of the ionic polarization increases and dominates the signal
see Figure 2.2.
Electrode polarization can be corrected by using a number of approaches such as
increasing the electrode spacing or decreasing the ionic concentration in the medium.
Both approaches were studied in this work.
8
Figure 2.1: Schematic of the formation of the double layer over characteristic fre-
quency regimes. At high frequency, the ions do not have time to move and stay in
a random spatial distribution. At low frequency, the ions have time to move and
accumulate in the electrodes. Adapted from [5].
Figure 2.2: Schematic representation of the measured sample capacitance. The effect
of electrode polarization is seen at low frequency and the absence of this effect is ob-
served at high frequency where the electrolyte capacitance can be measured. Adapted
from [5].
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2.6 Impedance Spectroscopy
2.6.1 Background and basic definitions
Impedance spectroscopy is a technique that measures the electrical impedance Z
or admittance Y as a function of frequency and analyzes it in a complex impedance
plane [26]. The technique is a useful method to characterize many materials’ electrical
properties and their interfaces with conducting electrodes. Furthermore, impedance
spectroscopy is used to study the dynamics of the charge mobility in the bulk for solid
or liquid materials, such as, ionic, semiconducting, and dielectric materials. [6]
2.6.2 Responses to a small-signal stimulus in the frequency
domain
A common approach to measuring the impedance is by applying a single frequency
voltage to the sample. From the resulting current, we can measure the phase shift
θ and the amplitude |Z|, or equivalently, the real and imaginary components of the
impedance. [6]
When a sinusoidal electrical stimulus is applied (voltage or current) to a cell, in
the case of an applied voltage, the signal can be defined by
V (t) = Vo sin(ωt) , (2.5)
where ω = 2pif is the angular frequency. Then the responding current is
I(t) = Io sin(ωt+ θ) , (2.6)
where θ is the phase difference between the voltage and the current. After collecting
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Figure 2.3: Plotting of the impedance Z as a planar vector. Adapted from [6].
the data, the voltage and current are transformed to the frequency domain by applying
a Fourier transform. In the frequency domain, the voltage/current relation is formed
in similar way to Ohm’s law for dc current. The complex impedance Z can be obtained
by taking the ratio of the voltage to the current as a complex number
Z(ω) = V (ω)
I(ω) . (2.7)
In ac current, the resistance R is substituted by the impedance Z because it takes
phase difference into account. The impedance Z(ω) is a vector quantity that is plotted
in a complex plane with rectangular or polar coordinates, as is shown in Figure 2.3.
The complex impedance Z(ω) can be defined as the sum of the real part Z ′ and the
imaginary part Z ′′ which are related to the resistance and the capacitance respectively,
Z = Z ′ + jZ ′′ , (2.8)
where j =
√−1. The admittance can be defined as Y = Z−1. The two rectangular
11
coordinates can be written as
Re(Z) = Z ′ = |Z| cos(θ) (2.9)
and
Im(Z) = Z ′′ = |Z| sin(θ) (2.10)
where the phase angle θ = tan−1 Z”
Z′ and the amplitude is
|Z| = [(Z ′)2 + (Z ′′)2] 12 (2.11)
In polar form, Z can be defined as
Z(ω) = |Z| exp(jθ) , (2.12)
which can be converted to rectangular form by using the Euler relation
exp(jθ) = cos(θ) + jsin(θ) . (2.13)
2.6.3 Dielectric spectroscopy measurements and related func-
tions
Understanding the frequency dependent dielectric constants and effective conductiv-
ity functions of solutions confined between electrodes are the main objects of my
project. These components can be obtained from the impedance Z. The cell that I
use, consisting of a liquid sandwiched between two parallel plate electrodes, has the
12
Figure 2.4: Parallel RC circuit and their complex impedance plane plot. Adapted
from [6].
equivalent circuit that is shown in the schematic in Figure 2.4. This is a resistor and
capacitor in parallel; thus the impedance in equation 2.8 can be written as
1
Z
= 1
Z ′
+ 1
Z ′′
, (2.14)
where the real part of Z represents the resistance and the imaginary part of Z repre-
sents the capacitance(Z ′ = R and Z ′′ = −j
ωC
). Here j=
√−1 and ω = 2pif , and we can
write
1
Z
= 1
R
+ jωC
1
Z∗
= 1
R
− jωC
(2.15)
Thus we can write
1
|Z|2 =
1
Z∗Z
= 1
R2
+ ω2C2 , (2.16)
and
|Z| = R√
1 + (2piRfC)2
. (2.17)
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Equation 2.17 is the function that I used to fit the impedance |Z| data as function
of frequency. The measurement of the impedance is related to the permittivity and
conductivity. Thus, we can measure the conductivity and the dielectric permittivity
from the fit parameters the resistance and the capacitance, respectively in the fit
function Equation 2.17. While the impedance measurements give us resistance and
capacitance (Equation 2.15), we need to relate this to cell geometry independent
properties, i.e the conductivity and dielectric constant. We can obtain conductivity
from R using the relations
R =
( 1
σ
)(
d
A
)
, (2.18)
where d is the gap distance between the two parallel plates, A is the cell area, and σ is
the conductivity. Similarly, we can obtain the dielectric constant from the capacitance
C using the relation
C = εεo
(
A
d
)
, (2.19)
where ε is the dielectric constant or the permittivity of the solvent and εo is the
permittivity of free space. The AC impedance is frequency dependent. By defining R
and C from equations 2.18 and 2.19 in equation 2.15, the equation for the (complex)
admittance Y (ω) = 1/Z(ω) is
Y (ω) = 1
Z(ω) = G[σ(ω) + jωεoεm(ω)]. (2.20)
In the above, G = A/d is known as the cell constant, and has unit of length. The
dielectric constant and the conductivity as a function of the frequency can be deter-
mined from the imaginary Z ′′ and real Z ′ impedance respectively from the equations
εm(ω) =
( 1
Z
)′′ ( 1
ωεoG
)
(2.21)
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and
σ(ω) =
( 1
Z
)′ ( 1
G
)
. (2.22)
2.7 The complex dielectric constant and conduc-
tivity of any system
The presence of the free ions in solution will influence the current flow through solution
in many ways. In general, the response of the system components to the electric field
occur in one of two ways. First, there is pure ohmic conduction (at high frequencies),
where the charges are free to move; and second there is non-ohmic conduction (polar-
ization effect at low frequencies), where the charges’ motion is blocked [7, 27]. These
two terms appear in a macroscopic view when the sample is placed in an external
electric field.
The complex dielectric function ε∗ is frequency dependant and it has components
that are in and out of phase with the applied field, which are here written in the
"prime" notation as ε′ and ε′′, the real and imaginary part, respectively,
ε∗(ω) = ε′(ω)− jε′′(ω) (2.23)
where (j =
√−1) and ω = 2pif . [7]
It has been shown [7] that as the frequency decreases, the imaginary part, ε′′, of
the complex dielectric function ε∗(ω) increases, this is labeled as (1) in the graphs
of Figure 2.5. However, in pure ohmic conduction behaviour at high frequencies, the
real part is frequency independent, this is labeled as (2) in the graphs of Figure 2.5.
In contrast, for non-ohmic conduction at low frequencies (labeled as (1) in Figure
2.6), the real part of ε∗(ω) increases as the frequency decreases, this phenomena is
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known as electrode polarization [7]. At even higher frequencies, there can be dielectric
relaxation processes, which is seen as a stepwise change in ε′ and peak in ε′′. The
complex conductivity can be defined from the following relation
σ∗(ω) = σ′(ω) + jσ′′(ω) (2.24)
Relating Equations 2.23 and 2.24 to the measured impedance (Equation 2.20) we can
write
1
Z(ω) = Gσ
∗(ω) and 1
Z(ω) = jGωεoε
∗(ω).
From this, we can identify σ′(ω) = σ(ω) and σ′′(ω) = ωεoεm(ω) and ε′(ω) = εm(ω)
and ε′′(ω) = 1
ωεo
(ω). Thus, σ′(ω) can be associated with the real conductivity σ(ω) is
related to ε′′(ω) by the relation
σ′(ω) = ωεoε′′(ω) (2.25)
When ε′′ ∝ ω−1, then σ is constant. When ε′′ is constant, then σ ∝ ω.
16
Figure 2.5: Scheme of the relaxation process and the ohmic conductivity of the real
ε′ (solid line) and imaginary part ε′′ (dashed line). Adapted from [7].
2.8 The dielectric relaxation process
Dielectric spectroscopy is mostly used to get information about the dielectric relax-
ation process due to the fluctuation of molecular dipoles. In the absence of a field, the
molecular dipoles are randomly oriented, but in the presence of an external electric
field, they will have the direction of the applied electric field. The orientation of the
molecular dipole in an electric field requires time which is called the relaxation time
τ . By analyzing the complex dielectric function, information about the behaviour of
the molecular ensemble can be obtained. The real part of complex dielectric constant
ε′(ω) decreases step-like as the frequency increases while the imaginary part ε′′(ω)
reaches a maximum (Figure 2.7). The relaxation process can be specified from the
dielectric strength 4ε(ω) that is calculated from the loss peak ε′′(ω) area or from the
step in real part ε′(ω).
The typical timescale for relaxation of molecular dipole will be very small. How-
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Figure 2.6: Scheme of the relaxation process which behaves as a peak in ε′′ and the
non-ohmic conductivity of the real ε′ (solid line) and imaginary part ε′′ (dashed line)
of the complex dielectric where the polarization is observed. Adapted from [7].
ever, we can also have dipole induced due to migration of charged species in solution.
The characteristic relaxation frequency frel for this response is typically in the kHz
range for an aqueous system [12].
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Figure 2.7: The dielectric relaxation process in the real ε′ and imaginary part ε′′ as a
function of frequency. fp is the frequency of maximal loss, and is associated with the
characteristic relaxation frequency, and εs is sample’s dielectric constant. Adapted
from [7].
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2.9 Electrode polarization
2.9.1 Electrode polarization definition
Electrode polarization (EP) is a result of accumulation of ions on the electrode’s sur-
face. When an electrolyte is placed between electrodes, a potential will be generated
due to the distribution of different charges across the interface. Under this electric
potential and at low frequency, ions tend to migrate to the electrode/electrolyte in-
terface. As a result, the arrangement of ionic double layers are formed along the
electrodes. Along these layers, the potential drop is an exponential decreasing func-
tion leading to electrode polarization and absence of the current in the bulk sample.
[5, 28, 29]
EP causes errors in determination of impedances of conductive samples, especially
in an aqueous and colloidal system [30, 31]. Several experimental techniques methods
have been used to correct this effect.
Helmholtz was the first to describe the electrode polarization phenomena [32]. He
assumed that there are two layers that are formed along the electrode surface. The
first layer is described as the inner layer (Stern layer) of absorbed immobile ions that
result from the migration to the surface of electrode under the effect of applied field
due to electrostatic forces. Beyond this inner layer is the so-called outer layer (diffuse
layer) where the ions in this layer are mobile under the effect of electrostatic forces
and diffusion [5, 32]. Then in 1873, a mathematical theory was given by Warburg
[33] about the polarization capacitance. Warburg showed that an electrode-electrolyte
interface that is impenetrable by ions may be modeled as resistance R and a fequency-
depnedent capacitance C in series. The Warburg model is valid at low current density,
with both the reactance Xc = 12pifC and resistance R varying inversely with
√
f .
However, Fricke [34] and Schwan [35] concluded that R and Xc do not vary with
√
f
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Figure 2.8: a) Sample in contact with electrode. b) Equivalent circuit. The series
impedance polarization components Rp and Cp are drawn in series with the parallel
sample resistance Rs and capacitance Cs. c) The total admittance of a parallel RC
circuit. Adapted from [8].
but instead as R = A/fα and Xc = B/fβ.
2.9.2 Equivalent RC circuit models
A pure dielectric liquid would simply give rise to a capacitance, while one with a small
conductivity (large resistivity) would also have a dc resistance. In Figure 2.8, this is
represented by the parallel sample resistance Rs and capacitance Cs. On the other
hand, polarization charge collects close to the electrode in a thin layer therefore the
dc resistance is small. Any resistance would come from the the contact, in series with
the polarization capacitance. Thus, the impedance polarization components Rp and
Cp are drawn in series. By taking the sum of the polarization admittance and sample
admittance we can get the total admittance by the following process. From figure 2.8
(c), the total admittance of an equivalent parallel RC circuit is written as
Y = 1
Z
= 1
R
+ jωC (2.26)
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Z = 11
R
+ jωC (2.27)
Z =
1
R
− jωC
1
R2 + (ωC)2
(2.28)
Z = R− jωR
2C
1 + (ωRC)2 (2.29)
Z = R1 + (ωRC)2 −
jωR2C
1 + (ωRC)2 (2.30)
We take the sum of the polarization admittance and sample admittance as seen
in Figure 2.8 (b), where the parallel sample admittance is written as
Ys =
1
Rs
+ jωCs (2.31)
and the series polarization admittance Yp is given by
1
Yp
= Rp +
1
jωCp
. (2.32)
Then the summation of Equation 2.32 and 2.31 gives
Z = 1
Yp
+ 1
Ys
(2.33)
which gives
Z =
(
Rp +
1
jωCp
)
+
(
1
1
Rs
+ jωCs
)
, (2.34)
which can also be written as
Z =
(
Rp − j
ωCp
)
+
( 1
Rs
− jωCs
( 1
Rs
)2 + (ωCs)2
)
. (2.35)
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Collecting real and imaginary parts, we get
Z =
(
Rp +
1
Rs
( 1
Rs
)2 + (ωCs)2
)
− j
(
ωCs
( 1
Rs
)2 + (ωC)2 +
1
ωCp
)
(2.36)
By taking the first term in Equation 2.36 to equal the first term in Equation 2.30,
we get
R
1 + (ωRC)2 = Rp +
Rs
1 + (ωRsCs)2
(2.37)
R =
[
1 + (ωRC)2
] [
Rp +
Rs
1 + (ωRsCs)2
]
. (2.38)
Similarly, taking the second term in Equation 2.36 to be equal to the second term in
Equation 2.30, we get
ωR2C
1 + (ωRC)2 =
ωCsR
2
s
1 + (ωRsCs)2
+ 1
ωCp
. (2.39)
Equation 2.39 can be written as
1
ωC
=
[
1
(ωRC)2 + 1
] [
1
ωCp
+ ωCsR
2
s
1 + (ωRsCs)2
]
. (2.40)
Equations 2.38 and 2.40 are the measured resistance and capacitance respectively
including the effect of the electrode polarization.[36]
In order to describe the impedance behaviour, we derived the following model
function that was taken from Equations 2.38 and 2.40. By dividing Equations 2.40
on Equations 2.38 and 2.40, we will get the measured ωRC
RωC =
(
1
ωCp
+ 1/ωCs1+(1/RsωCs)2
)
(
Rp + Rs1+(RsωCs)2
) (2.41)
This is the fit function that is used in our analyzing for the measuring ωRC as a func-
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tion of frequency. Note that R and C the left hand side are the measured quantities,
while the quantities on the right hand side are the quantities we need to know.
For most samples which are highly conductive, the electrode polarization effect is
higher than that in low conductivity samples [8]. In fact, the electrode polarization
is influenced by two factors, which are the concentration of ions in the sample and
the electrode separation [8, 24, 35, 36, 37]. In general, the resultant capacitance and
resistance increases as the frequency decreases. A study by Schwan (1968) found that
the contribution of Cp, to C, that is observed due to the effect of the polarization
at low frequencies is larger than the contribution Rp that is observed, to R, in most
aqueous systems [24].
2.10 Colloids in CHB-decalin mixtures
Several experiments have been carried for colloids in CHB-decalin mixtures [11, 17,
22]. The solvent is neither a low polarity solvent like pure decalin or dodecane nor
polar like water or ethanol, but has intermediate polarity. The colloids in these in-
termediate polarity solvents have unusual electrokinetic properties which are not well
understood. Most dielectric spectroscopy measurement in the past have been carried
out an aqueous suspensions. Probing electrokinetics in these intermediate-polarity
solvents represents an interesting challenge.
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Chapter 3
Experimental Method
3.1 Introduction
The dielectric spectroscopy experiments were carried out by exposing several organic
solvents to a frequency dependent electric field. This chapter provides a details of
the cell design and construction. Also this chapter presents a brief description of the
experimental technique and samples preparation. In addition, issues with noise at
particular frequencies are also discussed here.
3.2 Design of the Dielectric Cells
3.2.1 Indium Tin Oxide (ITO)
A glass plate with one side coated with indium tin oxide (ITO), which is a conducting
surface with resistance of 20 to 30 Ω, was used in our experiments. An area of
(0.95×10−4m2) of the coated area was removed using HCl solvent, in order to prevent
the current to flow in the uncoated area, as seen in Figure 3.1 (b), leaving a small areas
to place the wires. I designed three different cells, each with different gap thickness,
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but the same area. The cell thickness was measured by focussing on the top and
bottom plates with the sample mounted on an the optical microscope (Nikon Eclipse
80-i upright microscope). Table 3.1 has the values of A and d of the three cells. The
cells were made from several layers of microscopic or cover slides and ITO glass in
between as shown in figure 3.1 (a). The first layer consist of two microscopic slides,
as upper and bottom plates, each 1mm in thickness. The second layer is two slides
of ITO glass that were glued (from the sides that are uncoated) to these microscopic
slides using UV 86 glue. The coated areas are faced to each other with free space
in between. The cell thickness was constructed by building up 3 microscopic slides
of 1mm in thickness and area of (3.5 ×10−4m2) on the two edges of the microscopic
bottom plate. This is the thickness of cell number 21 and it is about 614 µm. For
the cell number 20 and 22, I decreased the cell thickness by adding additional cover
slides of 100 and 170 µm (#0 and #1 cover slide, respectively) between the ITO glass
and the upper microscopic slides. All three cells can be used more than once because
the cell was designed such that the top plate and the bottom plate can be separated,
allowing for the contact area to be cleaned with ethanol between uses. The cell was
held together by small clips as shown in Figure 3.2 to ensure that when the electrolytes
were added, the cell thickness did not change. Hookup wires were soldered on the
ITO plates. The following equation can be used to estimate the cell thickness:
Cell thickness (d) = 3mm (3 microscopic slides, 1mm for each)
− 2.2mm (2 ITO glass, 1.1mm for each)
−X
(3.1)
where X is the the thickness of additional microscopic cover slides (#0 and/or #1).
So as I add more slides, I will decrease the cell thickness. As mentioned, the actual
thickness was determined after assembly.
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Figure 3.1: (a) Schematic representation of the side view of the cell. X denotes the
thickness of the additional cover slides used to control the total gap spacing. (b) The
upper and bottom plates of ITO, where the yellow colour represents the conducting
area while the white colour represents the nonconducting area.
Figure 3.2: A direct view of the cell. The cell is connected to the impedance analyzer
and held by small clips.
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Table 3.1: The measurement of d and A for three cells. The cell thickness d was
measured using Z-focus control of the optical microscope
cell# d (µm) A (m2) G = A/d (m)
cell#20 355±5 5×10−4 1.42±0.01
cell#21 614±4 5×10−4 0.801 ± 0.005
cell#22 287±2 5×10−4 1.73 ±0.01
3.3 Sample preparation:
Dielectric spectroscopy measurements were made of several organic solvents of vary-
ing polarity: cyclohexyl bromide (CHB), cis+trans-decahydronaphtalene (decalin),
decane, all from Sigma-Aldrich, and castor oil (Now brand), as well as mixtures of
CHB-decalin and dodecane-CHB of several volume fractions. All solvents were used
as received. The two mixtures of decalin-CHB and dodecane-CHB were prepared as
a series with increasing weight fraction of decalin and dodecane respectively. The
mixtures were immediately used for dielectric spectroscopy after preparation.
In the last part of this thesis, we studied the dielectric response of colloidal sus-
pensions. Polymethylmethacrylate (PMMA 447) spheres particles, see Table 3.4, were
used in this study. We suspended the particles in intermediate polar medium, which
is a mixture of 80 % cyclohexyl bromide (C6H11Br, (CHB)) and 20% cis+trans-
decahydronaphtalene (decalin) by volume. As received, the particles are stored in
decalin solvent. Thus, the particles were dried from decalin by exposing them to
room temperature and under a nitrogen flush. The dried particles were suspended in
(80% CHB-20% decalin) solvent and mixed for one to two minutes by using a vortex
mixer. We avoided dispersing the particles by sonicating them to prevent decom-
position of the solvent. It has been found that sonication results in an increase in
the conductivity of the CHB solvent [Andy Hollingsworth, private communication].
The suspension was immediately loaded into the dielectric spectroscopy cell after the
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mixing process.
3.4 Dielectric Spectroscopy
The impedance spectroscopy set up shown in Figure 3.3 was tested and calibrated by
measuring known solvents such as pure castor oil, pure CHB, decalin, and decane. The
raw data (impedance magnitude |Z|, the real Z ′, and imaginary parts of the impedance
Z ′′, θ, the real part of the capacitance C ′, and the imaginary part of the capacitance
C ′′) are collected by using the PowerSUITE software at frequencies ranging between
100 mHz and 100 kHz. A single sine wave was applied for all the measurements at
voltage of 1V. Each single measurement was repeated 4 times using the "quality data"
selection which is a particular signal averaging option in the PowerSUITE software
each experiment takes 20 minutes to collect 30 points between 0.1 Hz to 100 kHz. The
cells were disconnected after every measurement to clean the cell surface and check
the connection electrode.
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Figure 3.3: A potentiostat/galvanostat (Princeton Applied Research model 273A)
attached to a lock-in amplifier (Signal Recovery model 5210) was used as an impedance
spectrometer.
3.4.1 Instrument calibration and modifications
It was found that the spectrum gave very noisy data both at very low and very high
frequencies. This affected our experimental method, and is discussed here. A "dummy
cell" was made in order to check if the noisy data comes from the impedance spec-
trum or from the electrolytes. The dummy cell was simply a resistor and capacitor in
parallel. The resistance of the dummy cell was 100 MΩ and the capacitance was 10
pF. From the capacitance measurement, Figure 3.4 (a), we found that the instrument
is noise between 0.1 Hz and 3 Hz. In Figure 3.4 (b), the resistance plot displays
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noise at high frequencies in the frequency range between 103 and 105 Hz. Indeed,
an experiment on castor oil done on a different dielectric spectrometer (A. Yethiraj,
unpublished, Novocontrol Alpha-a, Surajit Dhara lab, University of Hyderabad) was
compared with my measurements as seen in Figure 3.5. In Figure 3.5, comparison
of resistances shows that our impedance analyzer is significantly noisier between 103
and 105 Hz. This issue will have to be addressed in future work.
The electrolyte capacitance that was measured by the impedance spectrum was
corrected because we realized that the spectra gave higher values than the absolute
values predicted. We assumed there is a stray capacitance Cstray that was affecting
our measurements which comes from contact impedances and/or from fringe-field ca-
pacitances through the air or glass. The value of the stray capacitance was defined
using two methods. In the first method, we calculated the capacitance Ccalc of the
known cell thickness and area as shown in Table 3.1 of the empty cell. Then we cal-
culated the stray capacitance of ∼ 9.3 pF (for cell#22) by subtracting the calculated
value capacitance from the spectra measurement capacitance of the same empty cell
(Cstray = Cmeas − Ccalc). In the second method, we measured the stray capacitance
of ∼ 8 pF by measuring the "open circuit" in the contacts to the sample detached.
Table 3.1 shows the dielectric constant, plateau, for different solvents. This is ob-
tained by subtracting Cstray from the high-frequency plateau value of the measured
capacitance. Table 3.2 shows an example of a comparison of the corrections to the
dielectric constant of different solvents using the two methods that discussed above.
The first method to extract the stray capacitance was used in all our measurements.
This comparison shows that the dielectric constants obtained are generally consistent
to about 0.1 for most solvents, but only to about 0.4 for CHB. The stray capacitance
was subtracted from all of the measured real capacitance data that we collected from
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the spectra. The conductivity of our measurement was not affected perhaps because
the insulator contributes to capacitance but not to the conductance; and contact
resistances are very low.
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Figure 3.4: Measurements of a dummy cell consisting of parallel combination of a 100
MΩ resistor and 10 pF capacitor. a) The capacitance measurement as a function of
frequency. b) The resistance measurement as function of frequency. The resistance
shows noisy behaviour in the 103 and 105 Hz range.
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Figure 3.5: Measurements of the resistance of castor oil comparing with experiment of
the same solvent but (different brand) carried out on a Novocontrol Alpha-A dielectric
spectrometer, Surajit Dhara lab, University of Hyderabad.
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Table 3.2: A comparison of corrections that have made to different solvents if the
indicated value of stray capacitance is assumed by using the two methods, when
Cstray= 9.3 pF and Cstray= 8 pF. The former was used for stray capacitance correction.
The meaning of plateau was explained in chapter 4.
solvents plateau when Cstray = 8 plateau when Cstray = 9.3
CHB 7.53 ± 0.19 7.97 ± 0.08
Decalin 1.951 ± 0.004 2.039 ± 0.005
Decane 1.862 ± 0.005 1.982 ± 0.005
Castor oil 4.641 ± 0.039 4.71 ± 0.04
Table 3.3: Dielectric constant of CHB, Decalin, Decane, and Castor oil determined
from Refs: [1, 2, 3, 4]
solvents ref σref
CHB 7.92 (0.1 - 0.8) µS/m
cis-Decalin 2.176 0.5 ×10−12 S/m
Decane 1.99
Castor oil 4.45 (10−9 - 10−11) S/m
3.5 Summary of practical considerations
The resistance of each sample was calculated as a function of frequency from the real
part of the impedance:
R = 1( 1
Z
)′ . (3.2)
The conductivity σ was obtained from this resistance,
R =
( 1
σ
)( 1
G
)
, (3.3)
where G =A/d is the cell constant. The conductivity of each sample as a function
of frequency could in fact be obtained either from the real part of the impedance or,
equivalently, from the imaginary part of the capacitance (C ′′).
σ(ω) =
( 1
Z
)′ ( 1
G
)
, or (3.4)
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σ = Cimω
G
. (3.5)
The powerSUITE software reported raw data in both formats. Similarly, the dielectric
constant for each sample was calculated from the imaginary part of the impedance or
from the real part of the capacitance (C ′),
ε(ω) =
( 1
Z
)′′ ( 1
ωεoG
)
, or (3.6)
ε(ω) = Cre
εoG
. (3.7)
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Chapter 4
Results and Discussion
4.1 Introduction
This chapter employs results from impedance spectroscopy for sample cells with three
electrode spacings, in order to uncover the effects of electrode polarization. This
chapter also discusses the polarization effect at low frequency for several solvent ionic
strengths and cell thicknesses. The dielectric properties and the dielectric relaxation
behaviour of colloidal suspension will be presented in this chapter.
4.2 Dielectric spectroscopy measurement
Dielectric spectroscopy measurements were made on several organic solvents of varying
polarity: cyclohexyl bromide (CHB), cis+trans-decahydronaphtalene (decalin), castor
oil and decane, as well as a mixtures of CHB-decalin. These measurements were made
over a wide range of frequencies (100 mHz-100 kHz) using three sample cells of three
different electrode spacing. The complex impedance Z was calculated by using Ohm’s
law in an alternating current (AC) circuit and converted to a frequency dependent
37
conductivity and dielectric constant using the relationship
1
Z(ω) = G[σ(ω) + jωεoεm(ω)]
εm(ω) =
( 1
Z
)′′ ( 1
ωεoG
)
σ(ω) =
( 1
Z
)′ ( 1
G
) (4.1)
where the real part represents the conductivity and the imaginary part represents the
dielectric constant of the measured solvent or suspension.
4.3 Dielectric properties
Figure 4.1 (a) shows the magnitude of the impedance |Z| as a function of frequency
for 4 different solvents; CHB, castor oil, decalin, and decane. All solvents have some
common behaviours. Log |Z| versus log f always shows linear behaviour above a
threshold frequency. The slope of this power law is -1, indicating |Z| ∝ 1/f above a
certain frequency. Bellow this frequency, |Z| exhibits a plateau. Decalin and decane
exhibit only a simple power-law behaviour over the entire frequency range. Castor
oil exhibits a lower |Z| (|Z| = 11 GΩ) but also shows a plateau at f < 0.2 Hz and
linear behaviour at f > 0.2 Hz. CHB is markedly different with |Z| exhibiting a
plateau for f < 103 Hz. The plateau part (or the frequency independent behaviour)
at low frequencies in the impedance measurement indicates the electrolyte resistance
(ohmic conduction behaviour). As the frequency decreases, the ions have time to
move towards the electrodes. Thus, the ions accumulate at the electrodes and this
leads to an absence of the current in the bulk of the sample; this phenomenon is
known as electrode polarization. [5, 28, 29]. However, the linear behaviour at high
frequencies indicates the electrolyte capacitance (non-ohmic conduction behaviour).
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Acording to Equation 2.17, |Z| = R at low frequencies. Moreover, taking the log on
both sides of Equation 2.17, one sees that at high frequencies
log|Z| ∼ -log(f)− log(2piC) (4.2)
where the slope here is -1 indicating |Z| ∝ 1/f at high frequencies, and the intercept
is - log(2pi C).
The impedance fit function, see Equation 2.17, is a good fit to the data shown in
Figure 4.1 (a), however, only part (the magnitude of |Z|) of the information can be
obtained, such as the resistance R and the capacitance C of the sample. If one uses
the full complex Z, one can get both ε and σ as a function of frequency.
From Figure 4.1 (b) the dielectric constant of each solvent is calculated from the
imaginary part of the complex impedance Z as a function of frequency from Equation
4.1. As shown in this Figure, the dielectric constant was taken by averaging results
over the frequency in the range where electrode polarization does not affect impedance.
For example, the dielectric constant of CHB was taken by averaging the data between
100 Hz to 100 kHz. The dielectric constant was corrected in all our data for the stray
capacitance that has been observed in chapter 3.
Figure 4.1 (c) shows the conductivity of each solvent which is calculated from
the real part of the complex impedance Z from Equation 4.1. CHB has the highest
ionic conductivity and thus the highest conductivity among the solvents. The con-
ductivity of CHB is frequency independent in the range 10−1 to 105 Hz. Castor oil
has a conductivity that is 4 orders of magnitude smaller than CHB, and for other
solvents, it is 2 order of magnitude lower than castor oil. The conductivity of each
sample was taken at low frequencies, for example, the conductivity of castor oil was
taken by averaging the data at f < 1 Hz. The conductivity of castor oil, decalin,
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and decane increased at high frequency and the reason is not known. It should be
noted, however, that the system is designed for aqueous systems, and the most polar
solvents with the smallest conductivities present the biggest measurement challenge.
The instrument technicians told us that 10−10 to 10−12 S/m was at the edge of the
instrument sensitivity, σ could be significantly different at different frequency ranges.
The dielectric constants of the 4 solvents that are taken from the high frequency
plateaux of each ε versus f plot are in good agreement with the reported values
within experimental errors, as shown in Table (4.1). Furthermore, the conductivity
of the 4 solvents as reported in Table (4.2) is taken from the low frequency range.
The conductivity of CHB that we measured is higher than the standard result. This
may be because CHB that was used in this study is unpurified and was measured as
received. In addition, decalin also had different (higher) conductivity value than the
standard result for cis-decalin; no literature value for the cis+trans-decalin used in
this study was available. The experimentally obtained conductivity of the castor oil
is consistent with the literature value.
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Figure 4.1: The impedance |Z|, dielectric constant ε and the conductivity σ as a
function of frequency for different solvents. The impedance |Z| for decalin and decane
are very close to each other. The cell constant of these measurements is G = 1.73 m.
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Table 4.1: Experimental measurements of the dielectric constant of CHB, cis+trans-
decalin, decane, and castor oil by using the formula ε(ω) = ( 1
Z
)′′( 1
ωεoG
) and compare
it with the reported values from Refs: [1, 2, 3, 4]
solvents εplateau observed from our experiments εref
CHB 7.97 ± 0.08 7.92
Decalin 2.039 ± 0.005 (cis+trans) 2.176 (cis)
Decane 1.982 ± 0.005 1.99
Castor oil 4.71 ± 0.04 4.45
Table 4.2: The conductivity measurements of CHB, decalin, decane, and castor oil
using the formula σ(ω) = ( 1
Z
)′( 1
G
) and the the absolutes values from Refs: [1, 2, 3, 4]
solvents σlow observed from our experiments σref
CHB (3.2 ± 0.2) ×10−6 S/m (0.1 - 0.8) 10−6 S/m
Decalin (3.1 ± 0.3) ×10−12 S/m 0.5 ×10−12 S/m
Decane (1.5 ± 0.3) ×10−12 S/m
Castor oil (5.3 ± 0.1) ×10−11 S/m (10−9 - 10−11) S/m
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4.4 Electrode polarization
As discussed in section 2.9, electrode polarization (EP) is caused by the ability of ions
to move and arrange as a layer along the electrodes surface at low frequencies. As a
result, the applied voltage will drop across these layers leading to electrode polariza-
tion [24, 25]. EP presents a major impediment for dielectric spectra measurements of
solvents or colloidal suspension properties [31].
Here we studied the electrode polarization that appears below an upper cutoff
frequency fc, which is affected by several factors, such as, the electrode separation
[8, 24, 35, 36], and concentration of ions of the electrolyte or medium [8].
According to Schwan (1966), the effects of polarization impedance components
(Cp , Rp) that are in a series with the sample admittance components(Cs , Rs) can
be approximated by the following equations:
R =
[
1 + (RωC)2
] [
Rp +
Rs
1 + (RsωCs)2
]
(4.3)
1
ωC
=
[
1 + 1
(RωC)2
] [
1
ωCp
+ 1/ωCs1 + (1/RsωCs)2
]
(4.4)
4.4.1 Analyzing polarization impedance-Model function
Figure 4.2 shows the capacitance and the resistance of CHB as functions of frequency
that we measured at small electrode distance (d = 287µm) in a log-log plot. In fact, the
resultant polarization capacitance and resistance decrease as the frequency increases
and this decrease behaviour can be characterized by the general power law model
(Rp = Af−n and Cp = Bf−m), where n and m are the power factors, while A and B
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are constant values [36]. From Figure 4.2 (a), we found that the capacitance increases
and dominates the signal at low frequencies. However, the solvent or suspension
capacitance and resistance (Cs and Rs) can be observed only at high frequencies
where the effect of electrode polarization is absent. Figure 4.2 (b) shows noisy data
at high frequency above 104 Hz when the spectrometer change the ranges.
Figure 4.3 shows the plot of the measured ωRC of CHB as a function of frequency.
We derived (see section 2.9.2) a model function from Equation 4.3 and 4.4:
RωC =
1
ωCp
+ 1/ωCs1+(1/RsωCs)2
Rp + Rs1+(RsωCs)2
, (4.5)
that captures the frequency dependence. This model function allows us to get the fit
parameters Cp, Rp, Cs, and Rs where the last two parameters can be obtained from
the high frequency plateaus of C and R. Only the polarization impedance components
(Cp , Rp) need to be fitted. From the fit function, we found that Cp is not constant
and it is frequency dependent with the value of ((9.71± 0.7)× 10−6)f−0.27, where we
defined it as Cp = Cp0f−m in the fit function as represented by power law [36]. On
the other hand, the fit parameter Rp appears not to be relevant in our measurement.
The calculated value from the fit function was negative, so we fixed it to be zero
and it did not affect the quality of the fit adversely. The minimum that is shown
in 4.3 (a) is referred to here as the electrode polarization upper cutoff frequency fc.
The intersection of the two asymptotes of the data at both low and high frequencies
gives us the cutoff frequency fc, as seen in Figure 4.3 (b). fc represents the frequency
below which ions migration to the electrodes contribute to the observed impedance.
In addition, this frequency can be visualized also as the inverse of the time it takes
for ions to drift from bulk solution to the electrodes.
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Figure 4.2: The resultant capacitance and resistance as a function of frequency of
CHB solvent where the cell thickness of this measurement is (d = 276 µm). The
dashed lines indicate the capacitance Cs and resistance Rs of the solvent that can
been measured at high frequencies.
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Figure 4.3: The measured ωRC as a function of frequency of CHB solvent where the
cell thickness of this measurement is (d = 276 µm). a) Cp and Rp were calculated
from the fit function 4.5. Cp applies power law assumption (Cp = Bf−m) while Rp
was set to zero. b) fc is the electrode polarization upper cutoff which was measured
as the point of intersection of two black linear fits at low and high frequency.
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4.4.2 Electrode spacing dependence of the polarization con-
tribution
We measured the capacitance and the resistance of CHB at three different electrode
spacings d, which are 287 µm, 355 µm and 614 µm in order to study the relation
between electrode polarization and the electrode spacing d. Figure 4.4 shows the
measured ωRC of CHB as a function of the electrode spacing d and the frequency.
When the electrode polarization upper cutoff fc was measured at different electrode
spacing, it was found that fc decreases as d increases, as seen in Figure 4.5 (a). As
d increases, 1/Cs in the fit function (Equation 4.5) increases, then the contribution
from the polarization part in the fit function is less important. Figure 4.5 (b) shows
the calculated power m from the definition of Cp (Cp = Cp0 f−m) in Equation 4.5, as
function of electrode spacing d. When d increases, the power factor m decreases (but
only marginally, within error bars). This behaviour means that the effect of electrode
polarization is reduced as d increases. The effect of electrode polarization disappears
as we find that the frequency dependence of ωRC becomes independent of d at high
frequency, which reflects the behaviour of the solvent’s resistance Rs and capacitance
Cs.
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Figure 4.4: The measured ωRC as a function of frequency of CHB for three different
electrode spacings d. The dashed lines represent the cutoff frequency fc.
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Figure 4.5: a) The electrode polarization upper cutoff fc as a function of the electrode
spacing d. b) The calculated power factor m from the definition of Cp (Cp = Cp0 f−m)
in Equation 4.5, as function of d.
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4.4.3 Electrode polarization for different solvent conductivi-
ties
The electrode polarization is most important for CHB, which has the highest ionic
conductivity among the solvents. As one decreases ion concentration, we would expect
to reduce the electrode polarization effect. We test this by examining mixtures of
CHB with two solvents of lower conductivity, dodecane and decalin. In Figures 4.6
we plot εplateau (taken from the plateau part of ε as a function of ω (the weight
fraction of dodecagon and decalin in CHB)). In Figure 4.7 (a), we plot σ (taken
from the low frequency range) as a function of w. Figure 4.7 (b) shows ln(σ) vs ω.
The log plot indicates that ln(σ) has a linear relation with the weight fraction, which
indicating an exponential dependence on w. From this fit, we can obtain a dependence
σ = σ0 exp(−w/w0) where σ0 is the CHB conductivity and w0 = 114.3 = 0.07.
We found that as the weight fraction of decalin and dodecane increases the dielec-
tric constant and conductivity decrease. Next in Figure 4.8, we carry out the same
electrode polarization analysis as for pure CHB.
Figure 4.8 (a) and (b) shows the measured ωRC of mixtures of CHB with dodecane
and decalin solvents respectively. As the weight fraction of decalin and dodecane
increases, fc decreases as seen in Figure 4.9 (a). As w increases as ε decreases and thus
the fitted 1/Cs in Equation 4.5 increases. Thus the contribution from the polarization
part becomes smaller. Figure 4.9 (b) shows the power factor m with large error
bars, thus it is hard to distinguish if m increases or decreases with d within theses
large error bars. So we took the average of all points and we got a constant m of
(m ≈ 0.25 ± 0.04).
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Figure 4.6: The dielectric constant of two mixtures, decalin-CHB and dodecane-CHB
as a function of weight fraction of dodecane or decalin in CHB, where the dashed line
is the polynomial fit. The cell thickness in theses measurements is 276 µm.
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Figure 4.7: a) The conductivity of two mixtures, decalin-CHB and dodecane-CHB as
a function of weight fraction of dodecane or decalin in CHB. b) Log of the conductivity
of the two mixtures where the dashed line is the linear fit. The cell thickness in theses
measurements is 276 µm.
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Figure 4.8: a)The measured ωRC of dodecane-CHB mixture as a function of weight
fraction of dodecane in CHB and frequency. b) The measured ωRC of decalin-CHB
mixture as a function of weight fraction of decalin in CHB and frequency. The cell
thickness in theses measurements is 276 µm.
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Figure 4.9: a) The electrode polarization upper cutoff fc obtained from the fits in
Figure 4.8 as a function of wight fraction w. b) The calculated power factor m from
the definition of Cp (Cp = Cp0 f−m) in the fit function Equation 4.5, as function of
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average of all 10 points.
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Figure 4.10 shows the plots of the power m and fc for CHB measurement of 3
different thickness that we have obtained in Figure 4.4, and for the mixture of 20%
decalin-80% CHB, as a function of d. This is a useful test for electrode polarization.
Figure 4.10 (a) shows the power m ≈ 0.26 ± 0.01 when d increases, where m was
taken by averaging the all 6 points. From figure 4.10 (b) we found that as we increase
the electrode spacings and decrease the ionic concentration in the electrolyte (mixture
of 20% decalin-80% CHB), the electrode polarization upper cutoff fc decreases. We
fitted the data to 1/d and we found that a specific minimum electrode spacing range
can be recommended for experiments at any given frequency.
For example, let us consider an electric field experiment on a colloidal suspension
to be carried out at f = 10 Hz. We extend the fit function to large d where fc crosses
10 Hz this is at (d ∼ 2mm). This is the minimum cell thickness that should be used, if
there is interest in studying the low-frequency characteristics of a colloidal suspension,
in order to avoid the electrode polarization effect. Therefore, one can identify from
these plots that, for example, for a study at 10 Hz, the electrode separation should
be > 1.5 mm.
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Figure 4.10: a) The power factor m for the polarization capacitance (Cp = Bf−m)
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data was extrapolated to cross fc = 10 Hz, see section 4.6.2.
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4.5 Debye length κ−1
Figure 4.11 shows the dielectric constant ε, the ions concentration Ci, and the Debye
screening length κ−1of decalin-CHB mixtures measurement as a function of increasing
decalin by weight. Figure 4.11 (a) shows that the dielectric constant ε of CHB-decalin
mixture is decreasing with increasing the weight fraction of decalin because we add
low polar solvent of dielectric constant smaller than CHB. The conductivity is pro-
portional to the ion concentration, so when the ion concentration Ci of the medium
decreases the conductivity decreases. This decreasing behaviour was observed when
we increased the amount of cis+trans-decalin in the mixture, which is indicating that
the ion dissociation is decreasing as well, as shown in Figure 4.11 (b). Debye length
κ−1 depends on ε and the degree of the dissociation of ions. The latter depends on
the ion concentration and the dielectric constant of the medium. As a result, as the
weight fraction increases, and consequently the ion concentration decreases, the Debye
screening length growth exponentially from 0.1 µm to 54 µm as seen in Figure 4.11 (c).
We calculated Debye screening lengths, κ−1, by applying Walden’s rule to the
conductivity data [17]. This rule states that the product of the limiting equivalent
molar conductance Λ and the viscosity η are constant between different media, i.e
Λmηm = Λwηw, where m here refers to the mixture and w refers to water. Thus, we
calculated first Λm for each concentration by using Walden’s rule Λm= Λwηw
ηm
, where
Λw and ηw for water is 146 S.cm2/mol and 0.894 mPa.s respectively [38]. From Λm,
we calculated Ci by using the following relation
Ci [mol/L] = σ [S/m]× 1103Λm [mol/S.m
2] (4.6)
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Then Debye screening lengths, κ−1, can be determined
κ−1 = (0.344 × 10−10m)
√

Ci
(4.7)
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Figure 4.11: The dielectric constant ε, the ions concentration Ci, and the Debye
screening length κ−1of decalin-CHB mixture measurement as a function of increasing
decalin by wight. Debye screening lengths, κ−1, was estimated by applying Walden’s
rule to conductivity data.
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4.6 Colloids
4.6.1 Dielectric properties of the suspension
A small part of this work is about the dielectric spectroscopy response of colloidal sus-
pension. This was originally the primary goal, but understanding issues surrounding
electrode polarization in particle-free solvents became a large focus. We suspended
several volume fraction of PMMA particles (ASM447) (φ= 0.05 and 0.1) of radius 1µm
and dielectric constant of 2.6 [39] in cyclohexyl bromide (CHB) with 20% cis+trans-
decahydronaphthalene by volume. The dielectric constant of this solution, as shown
in 4.12 (b), is 6.6.
Figure 4.12 (a) shows the dielectric constant as a function of frequency for solvent
and for two volume fractions of PMMA particles. The dielectric constant of the
suspensions was taken from the frequency independent part of the spectrum, between
100 Hz and 10 kHz, where below 100 Hz we see the electrode polarization effect and
above 10 kHz the data was found to be noisy as seen in Figure 4.12 (b). Furthermore,
we found that the dielectric constant of the suspension decreased as the particle
volume fraction increased, see Figure 4.12 (b), this is because the high dielectric
constant CHB-decalin mixture solvent (ε = 6.6) is replaced by low dielectric constant
particles (ε = 2.6 [39]). The measured values were compared with the calculated
values, as seen in Figure 4.12 (c). The caculated value was obtained from the following
equation
εcalc = φεp + (1− φ)εm (4.8)
Since this calculated dielectric constant would be exact if the particles and solvent
were parallel plate capacitors in parallel, we expected this to be an upper bound. The
calculated value is, however, lower than the measured value and we don’t have clear
explanation for this behaviour, therefore, more studies are needed in this suspension.
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Figure 4.13 (a) shows the conductivity of the same suspensions that are shown in
Figure 4.12 as a function of frequency. From the conductivity measurements of the
colloidal suspensions that are shown in Figure 4.13 (a), we found that the conductiv-
ity is frequency independent below 10 kHz and above this frequency the data is noisy.
In addition, the conductivity decreased when the particle volume fraction increased
which means that the particles did not significantly releases ions into solution. If
we replace the electrolyte by uncharged particles, we will get a more non-conducting
suspension, thus the conductivity will decrease [21]. The measured values were com-
pared with the calculated values, as seen in Figure 4.13 (b). The calculated value was
obtained again as indicative estimate, equivalent to resistors in parallel,
σcalc = φσp + (1− φ)σm (4.9)
Once again, this should be an upper bound, provided that no ions are released. Here
we set σp =0, and we found that the measured value is lower than the calculated value.
There is a physically meaningful possibility. If particles were stuck on the electrode
surface, this would correspond to resistors in series, and the conductivity would be
smaller (the particles would effectively block the current).
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Figure 4.12: a) The dielectric constant of the suspensions as a function of particle
volume fraction and frequency. b) It is a magnification of panel a) at high frequency
range between 10 kHz to 10 kHz, the red lines correspond to the averaging ε. c) The
dielectric constant as a function of volume fraction of of the suspensions shown in
panel (a) and it was compared with the calculated value from equation 4.8.
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Figure 4.13: a) The conductivity of the suspensions as a function of particle volume
fraction and frequency. b) The conductivity as a function of volume fraction of the
suspensions shown in panel (a), and it was compared with the calculated value from
Equation 4.9.
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4.6.2 Dielectric relaxation
PMMA particles exhibit dielectric relaxation due to migration of charged species in
solution. Figure 4.12 (a) shows the dielectric constant ε as function of frequency
and particle volume fraction. Once again, ε ∝ 1/f at low frequencies, below 10 Hz,
and a frequency independent ε is seen above 10 Hz. While the dielectric relaxation
is expected to result in step-like changes as the frequency increases, this behaviour
didn’t show up in our measurement, see Figure 4.12 (a).
The characteristic frequency of the double layer relaxation frel can be calculated
from the simple dimensional analysis, assuming an effective particle radius of a + κ−1:
frel =
ω
2pi ≈
(
Dionκ
2
2pi(1 + κa)2
)
. (4.10)
This estimated characteristic relaxation frequency frel in our suspension measure-
ment was calculated withDion ≈ 0.5 ×10−5 cm2/s, a = 1 µm, and κ−1 = 0.3 µm. Here,
Dion is the diffusion coefficient of the counter-ions that are surrounded the charged
particle, a is the particle radius, and κ−1 is the Debye length. In our non-aqueous
system, we found that the characteristic frequency is about 35 Hz. It is possible that
the magnitude of this relaxation is small, and thus not seen because it falls within
the region where the effect of electrode polarization is observed. Thus, the plateau of
the dielectric constant at very low frequencies, or the step-like behaviour as the fre-
quency increases was not observed in our measurement. Correction of this electrode
polarization error is need to study the dielectric relaxation process.
In an aqueous system that was studied by Saville (1990), the characteristic frequency
of the double layer relaxation is different [12]. We calculated it by using the same
Equation 4.10 and we found that when one increased the ionic strength in the solu-
tion by adding 1mM of HCl , the Debye length decreased to about 8 ×10−9m. In
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this study, the particle radius was 113nm and Dion ≈ 0.5 ×10−5 cm2/s. As a result,
the characteristic frequency increased, it was about 6kHz which is higher than that
observed in non-aqueous system due to a smaller (a + κ−1).
To conclude these results, the characteristic relaxation frequency frel increases by
increasing the concentration of ions or decreasing the particle radius, as seen in Table
(4.3). In fact, the smaller particles radius, the smaller dipole moment induced by
the external field. The smaller particles means the shorter path that ions need to
follow around particles, and the shorter time is needed to induce that dipole moment
and hence a shorter relaxation time or larger relaxation frequency [40]. In order to
observe colloidal relaxation, the cell must be thicker than 1.5mm (according to Figure
4.10 (b)), in order to avoid artifacts from electrode polarization to hide suspension
characteristics.
Table 4.3: The calculated characteristic relaxation frequency frel and Debye length
κ−1 with decreasing particle radius a in aqueous and non-aqueous systems.
System a µm κ−1 µm frel
non-aqueous 1 0.3 35 Hz
aqueous 0.113 0.008 6 kHz
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4.7 Discussion
The dielectric properties of cyclohexyl bromide (CHB), cis+trans-decahydronaphtalene
(decalin), castor oil, decane, and mixtures of CHB-decalin that have been observed in
this study are in good agreement with the standard results within experimental error,
as shown in Table (4.1) and (4.2). The conductivity measurement of CHB is higher
than the standard result. This is possibly because CHB that was used in this study
is unpurified and was measured as received. Ohmic and non ohmic conduction, which
are the resistance and the capacitance parts, respectively, are observed on CHB and
castor oil solvents in the impedance plot as we expected from the following equation
(the impedance fit function):
|Z| = R√
1 + (2piRfC)2
(4.11)
This equation indicates that at low frequency the capacitance part may be ignored,
thus the resistance part will dominate, while at high frequency the capacitance part
is large and will dominate. However, a simple power-law behaviour is observed on de-
calin and decane solvents (capacitance part) because these solvents have low polarity
and hence high resistance.
Electrode polarization has been found in CHB measurement at low frequencies in
the range of ( 0.1Hz - 50 Hz). We derived the fit function, Equation 4.5, that describes
the behaviour of the curve in Figure 4.3 and the electrode polarization components can
be calculated. The fit function calculated only the polarization capacitance Cp, where
it was defined in the fit function as Cp = Cp0 f−m from the power law [36]. We found
that Cp for CHB is frequency dependent with the value of ((9.71 ± 0.7)× 10−6)f−0.27
(F): it tells us that the polarization capacitance at f =1 Hz is 9.7 µF. In addition, we
66
have shown how the electrode polarization upper cutoff fc depends on the electrode
spacing and the concentration of ions. As we increase d and/or decrease the con-
centration of ions, as the mobility of ions decreases which leading to decreasing the
electrode polarization. Comparing with results that have been observed by Schwan
(1966) for platinum electrodes and more higher conductive sample (sample of blood),
we have found comparable polarization behaviour, (i.e., Rp and Cp decrease as the
frequency increases). Schwan found that the power factor m is 0.4, where (m) in-
creases as the frequency increases from 0.3 to 0.5 between 0.01 kHz to 100kHz [24].
In this study, we found the effect of electrode polarization was observed only in the
solvent capacitance Cp, while Rp was indistinguishable from Zero, and m was about
0.25 ± 0.04. On the other hand, Schwan observed the effect of electrode polarization
in both capacitance and resistance. This different result was possibly because of the
large difference in conductivity in aqueous solvents in comparison with the partially
polar CHB. From both measurements, the effect of electrode polarization on C and
R decreases as Cp increases [8]. In addition, it is clear that the model for electrode
polarization proposed by Schwan [36] is well satisfied in our measurements.
The dielectric properties of colloidal suspension was studied in this work. We found
that the dielectric constant was decreasing with increasing particle volume fraction.
In fact, when a solvent that contains a high dielectric constant of 6.6 is replaced by
particles with low dielectric constant of 2.6, the resultant suspension will has lower
dielectric constant [11]. On the other hand, we found that the conductivity of the
suspension decreased when the particle volume fraction increased which means the
particles did not significantly release ions into solution. A study by Vissers (2011)
[22] also showed that the conductivity of the suspension decreases as the particle
volume fraction increases and this behaviour referred to the effect of adding insulating
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PMMA particles in the solvent. The double layer relaxation was calculated for our
non-aqueous system and compared with an aqueous system that has been observed by
Saville (1990) [12]. We found that the characteristic relaxation frequency frel increases
by increasing the concentration of ions or decreasing the particle radius. The smaller
particles means the shorter path that ions need to follow around particles, and the
shorter time is needed to induce that dipole moment and hence a shorter relaxation
time or larger relaxation frequency [41].
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Chapter 5
Conclusions
Dielectric properties as a function of frequency of some low-polar solvents, cyclohexyl
bromide (CHB), cis+trans-decahydronaphtalene (decalin), castor oil and decane, as
well as a mixtures of CHB-decalin have been measured in this study. The dielectric
constants of the 4 solvents are in good agreement with the standard results within
experimental errors. However, the conductivity of CHB was found to be higher than
the result abstained previously with distilled CHB. No standard value was available
for cis+trans-decalin.
Electrode polarization (EP) that appears at an upper cutoff frequency fc is an im-
portant issue that has been found at low frequencies in CHB measurement, between
(0.1Hz - 50 Hz). The electrode polarization can be reduced by increasing the elec-
trode spacing and/or decreasing the concentration of ions (mixture of CHB-decalin or
CHB-dodecane). A fit function was modelled, Equation 4.5, to describe the physical
phenomena of the dielectric spectra at low and high frequencies. The polarization
parameter Cp have been obtained from the fit function. The capacitance Cp was fre-
quency dependant Cp = Cp0 f−m i-e a power law that decreases when the frequency
increases. We found that the power m ≈ 0.25 ± 0.04 for a range of electrode spacings
69
and ionic concentrations. We also found the electrode polarization upper cutoff fc
depends on the electrode spacing and the concentration of ions.
The Debye screening length κ−1 has been estimated for CHB-decalin mixtures as
a function of increasing decalin by weight. We found that the Debye screening length
grows roughly exponentially from 0.1 µm to 54 µm as we increased the amount of
decalin, or as the ion concentration was decreased.
In colloidal suspension, the dielectric constant was decreasing with increasing col-
loidal particle volume fraction because the dielectric constant of the particle is smaller
than that in the medium. In addition, the conductivity of the suspension decreased
when the particle volume fraction increased. Two challenging issues were recorded
from the dielectric constant of the colloidal suspension measurements, electrode po-
larization effect at low frequencies, below 100 Hz, and noisy data at high frequency
above 10 kHz. Thus, the dielectric relaxation, which is of great interest to understand
colloid electrokinetics, was not seen in our system. We calculated the predicted char-
acteristic relaxation frequency frel for our non-aqueous system and aqueous system
by Saville (1990) [12]. We found that frel increases by increasing the concentration of
ions or decreasing the particle radius. In our non-aqueous system, we found that the
characteristic frequency frel is between 10 and 35 Hz.
For future work, more information can be obtained at low frequencies if the polar-
ization contribution is corrected. In specific, in order to study the colloidal relaxation
behaviour in intermediate polar media, the cell must be designed in which the po-
larization contribution is avoided. We suggested that the cell should be thicker than
1.5mm (according to Figure 4.10 (b)) for studying at 10 Hz, in order to avoid artifacts
from electrode polarization to hide suspension characteristics. The characteristic fre-
quency of the colloid relaxation can also be increased a bit by reducing particle size.
For example, based on Equation 4.10, reducing particle size to 0.2 µm would result in
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a + κ−1 ≈ 0.5 µm, increasing the relaxation frequency almost seven-fold to 240 Hz.
This would be ideal for future studies.
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